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lowing incubation with either     -chymotrypsin or lipase. 
  Conclusions:   The novel   WDR72   mutation described brings 
the total reported   WDR72   mutations to four. Analyses of de-
ciduous tooth enamel in an individual with a homozygous 
  WDR72   mutation identified changes consistent with a late 
failure of enamel maturation without retention of matrix 
proteins. The mechanisms by which intracellular WDR72 in-
fluences enamel maturation remain unknown. 
  Copyright © 2010 S. Karger AG, Basel 
 Introduction 
  Enamel is unique among human biomineralised tis-
sues and when formed normally can last a lifetime with-
out any significant capacity for repair. It is approximate-
ly 95% mineral content by weight [Smith, 1998] and pri-
marily consists of large hydroxyapatite (Ca 10 [PO 4 ] 6 [OH] 2 ) 
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 Abstract 
  Background:     Mutations in   WDR72   have been identified in 
autosomal recessive hypomaturation amelogenesis imper-
fecta (AI).   Objective:   to describe a novel   WDR72   mutation 
and report the ultrastructural enamel phenotype associated 
with a different WDR72 mutation.   Methods:   A family segre-
gating autosomal recessive hypomaturation AI was recruit-
ed, genomic DNA obtained and  WDR72  sequenced. Four de-
ciduous teeth from one individual with a previously pub-
lished   WDR72   mutation, extracted as part of clinical care, 
were subjected to scanning electron microscopy, energy-
dispersive X-ray analysis and transverse microradiography. 
  Results:   A novel homozygous nonsense mutation, R897X, 
was identified in   WDR72   in a family originating from Paki-
stan. Ultrastructural analysis of enamel from the deciduous 
teeth of an AI patient with the   WDR72   mutation S783X re-
vealed energy-dispersive X-ray analysis spectra with normal 
carbon and nitrogen peaks, excluding retention of enamel 
matrix protein. However, transverse microradiography val-
ues were significantly lower for affected teeth when com-
pared to normal teeth, consistent with reduced mineralisa-
tion. On scanning electron microscopy the enamel rod form 
observed was normal, yet with inter-rod enamel more prom-
inent than in controls. This appearance was unaltered fol-
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Abbreviations used in this paper
AI amelogenesis imperfecta
EDX energy dispersive X-ray analysis
KLK4 kallikrein 4
MMP20 matrix metalloproteinase 20
SEM scanning electron microscopy
TMR transverse microradiography  WDR72 Mutation and Enamel 
Ultrastructure 
Cells Tissues Organs 2011;194:60–66 61
crystals [Nylen et al., 1963; Daculsi and Kerebel, 1978]. A 
key to enamel strength is the highly ordered orientation 
o f  h y d r o x y a p a t i t e  c r y s t a l s  w i t h i n  e n a m e l  r o d s .  E a c h  
enamel rod reflects the pathway taken by an ameloblast 
[Skobe, 2006]. These epithelial-derived cells are respon-
sible for secretion of the enamel protein matrix necessary 
for mineralisation and then its controlled removal as the 
enamel matures to its final form [Porto et al., 2009].
    Amelogenesis, the process of enamel formation, can 
be considered to occur in three stages: secretory, transi-
tion and maturation [Warshawsky and Smith, 1974; 
Smith and Nanci, 1995]. As secretory stage ameloblasts 
retreat towards the eventual tooth surface they produce 
enamel matrix that includes amelogenin [Yang et al., 
2010], enamelin [Al-Hashimi et al., 2009] and ameloblas-
tin [Chun et al., 2010]. The matrix immediately begins to 
mineralise [Kirkham et al., 1988; Cuisinier et al., 1992; 
Smith, 1998] and this process is promoted further via am-
eloblast-mediated enamel matrix processing, in which 
matrix metalloproteinase 20 (MMP20) plays a critical 
role [Iwata et al., 2007]. Kallikrein 4 (KLK4), a serine pro-
tease enzyme, is functional later during the maturation 
stage as hydroxyapatite crystal growth is completed and 
virtually all organic matrix is removed [Simmer and Hu, 
2002; Simmer et al., 2009]. Ameloblasts then undergo 
apoptosis at the external enamel surface prior to tooth 
eruption [Tsuchiya et al., 2009].
  Amelogenesis imperfecta (AI) is a genetically and clin-
ically heterogeneous group of inherited conditions typi-
cally characterised by generalised enamel defects of both 
primary and permanent dentitions [Witkop, 1988; Al-
dred et al., 2003]. The clinical phenotype is influenced by 
the stage of amelogenesis predominantly affected, al-
though clinical classification can be difficult. Hypoplas-
tic forms of AI are due to defects in the secretory stage 
leading to diminished volumes of enamel matrix protein, 
which in turn result in very thin enamel. By contrast, hy-
pocalcified and hypomaturation forms of AI are charac-
terised by near-normal volumes of enamel matrix that 
typically is not processed and removed appropriately, 
leading to failure of normal biomineralisation [Witkop, 
1988; Ng and Messer, 2009]. In hypomaturation AI the 
opaque, discoloured enamel typically chips away from 
the supporting dentine, whereas in hypocalcified AI the 
enamel is soft enough to scrape away with a hand instru-
ment [Witkop, 1988]. These two forms of AI are some-
times collectively referred to as hypomineralised AI, re-
flecting the difficulties in distinguishing between ill-de-
fined phenotypes, especially where teeth have been 
subjected to post-eruption changes. 
    Mutations in 6 genes have been shown to cause AI to 
date. These include the enamel matrix protein encoding 
genes   AMELX   (MIM 301200) [Lagerström et al., 1991; 
Barron et al., 2010] and   ENAM   (MIM 608563) [Rajpar et 
al., 2001; Hart et al., 2003] as well as the enamel matrix-
modifying protease genes   MMP20   (MIM 612529) [Kim 
et al., 2005; Lee et al., 2010] and   KLK4   (MIM 603767) 
[Hart et al., 2004]. In addition, mutations in   FAM83H  
(MIM 130900), a gene of unknown function that encodes 
an intracellular protein, are a frequent cause of autosomal 
dominant hypocalcified AI [Kim et al., 2008; Lee et al., 
2008; El-Sayed et al., 2010]. Finally, we reported three dif-
ferent   WDR72   mutations as a novel cause of autosomal 
recessive hypomaturation AI in families originating from 
either Pakistan or Oman [El-Sayed et al., 2009]. WDR72 
is an intracellular protein with a predicted    -propeller 
structure expected to mediate reversible protein-protein 
interactions. Its functions remain unknown and its dis-
covery has opened a new area of research in enamel 
biomineralisation. 
    In this study we report a novel homozygous mutation 
in exon 15 of   WDR72,   causing hypomaturation AI in a 
further consanguineous Pakistani family, underlining 
the importance of   WDR72   mutations as a cause of auto-
somal recessive hypomaturation AI. In addition we re-
port the first ultrastructural analyses of deciduous teeth 
from a patient in a previously reported AI family with a 
homozygous mutation in   WDR72 . 
  Materials  and  Methods 
 Subjects 
  A consanguineous family (P6) of Pakistani origin was ascer-
tained, in which 2 sisters had hypomaturation AI. Peripheral 
blood samples were obtained from 1 affected individual and ge-
nomic DNA was prepared by a conventional salting method. Four 
deciduous molar teeth affected by AI that had been extracted for 
clinical reasons were obtained from an individual in a previously 
reported family (P2) with homozygous c.2348C  1 G;  p.S783X  mu-
tation [ El-Sayed et al., 20 1 0 ] . Samples were obtained with in-
formed consent in a process approved by the Leeds (West) NHS 
Trust Ethics committee.
  WDR72  Mutation  Analysis 
 All 19 coding exons and exon/intron boundaries of the  WDR72  
gene were PCR amplified using oligonucleotide primers described 
by El-Sayed et al. [2009]. PCR products were purified using EXO-
SAP enzyme. Purified products were sequenced using the Big Dye 
terminator Kit v.3.1 (Applied Biosystems, Forster City, Calif., 
USA) and size fractionated on an ABI 3130 XL DNA analyser. The 
sequence produced was analysed using the ABI Prism sequence 
Analyser and SeqScape software packages (Applied Biosystems). El-Sayed   /Shore   /Parry   /Inglehearn   /
Mighell     
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    Scanning Electron Microscopy, Energy-Dispersive X-Ray 
Spectroscopy and Transverse Microradiography 
  Standard methods were used for preparation of tooth sec-
tions (100     m) from deciduous teeth. These were then investi-
gated by scanning electron microscopy (SEM), energy-disper-
sive X-ray spectroscopy (EDX) and transverse microradiogra-
phy (TMR) [Shore et al., 2002; Barron et al., 2008; El-Sayed et al., 
2010]. Microstructural analysis was undertaken using a Jeol 35 
SEM fitted with the Deben Genie upgrade (Deben Engineering, 
Debenham, UK). EDX elemental analysis was performed using 
a detector fitted with an ultrathin window and driven by 
WinEDX 3 software (Thomson Scientific, Carlton, Vic., Austra-
lia). TMR involved sampling across sections from 4 affected and 
2 control teeth at a minimum of 10 different points each within 
the enamel. Analysis was done using Inspektor TMR software 
version 20.0.27.16, 2000 (Inspektor Research Systems, Amster-
dam, The Netherlands). For enzyme digestion, scanned sec-
tions were re-polished and re-etched with 35% phosphoric acid 
for 15 s. Sections were incubated in either    -chymotrypsin
(C5088-2MG; Sigma, Dorset, UK) or lipase (Sigma) as described 
previously [Shore et al., 2002]. 
  Results   
  WDR72 Mutation and Clinical Phenotype  
  The clinical phenotype observed in the proband and 
her sister from the new AI family (P6) was consistent with 
AI with extensive post-eruptive enamel loss. No other 
health problems segregated with AI. The dentitions in 
both sisters were heavily restored with the remaining 
enamel pigmented and predominantly yellow/brown in 
colour ( fig. 1 a). Serial dental radiographs taken over many 
years were reviewed for both sisters and were character-
i s e d  b y  f e a t u r e s  c o n s i s t e n t  w i t h  h y p o m a t u r a t i o n  A I  
(  fig.  1  b–d). The pattern of inheritance was consistent 
with autosomal recessive inheritance (  fig. 1  e). 
    Sequencing all the exons and intron-exon boundaries 
of the   WDR72   gene identified a nonsense mutation 
(c.2728C 1  T ; p.R897X) in exon 15 of   WDR72   (forward 
and reverse strands) in the affected proband (  fig. 1  e). 
    Ultrastructural Analyses of Deciduous Teeth 
 TMR sampling of teeth from the Pakistani family (P2) 
wi th  a  p r e vi o u s l y  i d e n tifi e d  m u t a ti o n  in    WDR72   [El-
Sayed et al., 2010] revealed a reduction in the mean min-
eral density percentage in affected enamel (37.9%   8  
2.83% ) compared to control enamel ( 7 6.9%   8   3.81%). 
This reduction is statistically significant (p   !   0.001). El-
emental analysis by EDX demonstrated that the ratio of 
carbon:oxygen and calcium:phosphorous were indistin-
guishable from control enamel with no nitrogen present 
(  fig. 2  a, b). This excludes the possibility that there is re-
tained protein in WDR72 mutant teeth as has been shown 
in other forms of AI.
    SEM examination of enamel from affected teeth iden-
tified obvious enamel rods across the enamel width avail-
able for examination (  fig.  2  c–e). However, in affected 
enamel the boundaries (inter-rod enamel) between indi-
vidual enamel rods were more obvious and of a different 
electron density to those observed in normal enamel. 
There also appeared to be reduced decussation of the lay-
ers of enamel rods that give rise to the Hunter-Schreger 
bands observed in normal enamel. The SEM appearances 
of affected and control enamel were unaltered after incu-
bation of the sections with the     -chymotrypsin or lipase 
(data not presented). 
  Discussion 
 The p.R897X mutation is the fourth  WDR72  mutation 
described in AI patients. Like the three previously ob-
served mutations (p.S783X, p.W978X and p.S953V fs X20), 
it lies within exons 14–16 of a 19-exon gene, which may 
suggest a degree of clustering towards the carboxy-termi-
nus, downstream of the WD40 domains. The mechanism 
by which  WDR72  nonsense mutations result in hypomat-
uration AI is unknown, but the lack of missense muta-
tions suggests a null phenotype due to mRNA nonsense-
mediated decay rather than production of stable trun-
cated proteins.
    EDX is a sensitive technique for identification of re-
tained organic material in enamel [Shore et al., 2002; Bar-
ron et al., 2008; El-Sayed et al., 2010]. When organic ma-
terial is retained, incubation with either   -chymotrypsin 
or lipase can be informative and reveal the enamel ultra-
structure in greater detail [Shore et al., 2002]. In this 
study the absence of retained enamel matrix protein in 
affected enamel indicates that ameloblasts are able to di-
rect degradation and removal of enamel matrix in a man-
ner similar to that in normal teeth. MMP20 and KLK4, 
which are expressed predominantly by secretory and 
maturation-stage ameloblasts, respectively, are the two 
proteases critical to this process of protein degradation 
and removal. Mutations in their respective genes are 
recognised to result in an autosomal recessive hypomatu-
ration AI clinical phenotype with reduced enamel min-
eralisation evident on dental radiography [Hart et al., 
2004; Kim et al., 2005; Ozdemir et al., 2005; Papagerakis 
et  al. ,  2008;  S imm e r  et  al. ,  2009 ] .  Ch ara ct e risa ti o n  o f  
mouse models null for either Mmp20 or Klk4 confirmed 
some inappropriate retention of enamel matrix proteins   WDR72 Mutation and Enamel 
Ultrastructure 
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[Simmer et al., 2009; Wright et al., 2009]. Absence of re-
sidual proteins in enamel in this study rules out WDR72 
as a critical upstream intracellular regulator of MMP20 
or KLK4 expression or secretion from ameloblasts.
    In health enamel rods abut each other with a thin lay-
er of inter-rod enamel that is characterised by different 
orientation of hydroxyapatite crystals rather than a dif-
ferent composition [Boyde, 1989]. The abnormal appear-
ance of the inter-rod enamel observed in this study may 
represent disruption to this late stage of enamel matura-
tion. Little is known about the control of inter-rod enam-
el formation. Variations in inter-rod enamel are recog-
I:1 I:2
II:2 II:3
III:5 III:4 III:3 III:2 III:1
IV:1
d
IV:3
V:1
VI:2 VI:3 VI:1
V:3 V:2 V:4
IV:2
III:6 III:7
II:4 II:1
T C T T T G  T C T T T G T G A G A G T  G A G A G T
a
b c
e
  Fig. 1.   Clinical and radiographic phenotype, pedigree and novel 
WDR72 mutation.   a   Heavily restored lower dentition of the pro-
band’s sister aged 18 years. The visible enamel of teeth, including 
where restorations have failed, has a yellow/brown discolouration 
(arrows).   b–d   Radiographs of two affected individuals. Details 
from panoramic radiographs taken of the proband’s sister when 
aged 8 years (  b  ) and 20 years (  c  ). The developing lower right sec-
ond molar tooth (  *  ) has a normal crown morphology in   b ,  but 
without the expected contrast in radiodensity observed in some-
one without AI ( inset ). The same tooth ( *  * ) approximately 8 years 
after eruption and restoration failure is characterised by consider-
able enamel loss consistent with early functional failure. Both the 
upper and lower first permanent molar teeth (+) have required 
restoration with metal crowns due to functional failure.   d   A den-
tal bitewing radiograph of the proband taken aged 12 years illus-
trating the typical post-eruptive pattern of enamel loss that starts 
soon after tooth eruption into the mouth.   e   The pedigree con-
firmed consanguinity (proband marked with arrow) with confir-
mation of the c.2728C  1 T  mutation.  El-Sayed   /Shore   /Parry   /Inglehearn   /
Mighell     
Cells Tissues Organs 2011;194:60–66  64
nised and there is a complete absence of inter-rod enam-
el in mice null for anion exchanger-2 [Lyaruu et al., 2008].
    Data presented in this study are consistent with 
  WDR72   mutations affecting the late stages of enamel 
maturation. The putative   -propeller structure of WDR72 
could potentially contribute to a number of different mat-
uration ameloblast processes. Cyclical changes in pH in 
the enamel matrix are recognised to be critical to several 
aspects of enamel maturation including crystal growth 
[Lacruz et al., 2010]. Key proteins expressed in ameloblast 
cell membranes, including carbonic anhydrases and sol-
ute carriers are known to be critical to pH in amelogen-
esis [Lyaruu et al., 2008; Paine et al., 2008; Lacruz et al., 
2010]. However , surprisingly little is understood about 
how ameloblasts control pH changes. Cyclical alterations 
in pH link to ameloblast apical morphological switching 
between smooth and ruffled appearances. Endocytosis 
occurs in the ruffled, but not smooth ends, which lose 
their apical tight junctions and potentially allow passage 
of molecules between ameloblasts [Sasaki et al., 1991; 
Smith, 1998; Lacruz et al., 2010]. The mechanism by 
which these changes are controlled remains unknown. 
    Mineralisation requires the delivery of relevant ions to 
the maturing crystals. In part this is mediated via active 
Ca  2+   e ffl ux/ extrus i o n  fr o m  am e l o b last  sodi um -cal ci um 
exchangers [Okumura et al., 2010]. Maturation stage am-
eloblasts secrete proteins such as amelotin and odontogen-
ic ameloblast-associated protein at the interface between 
ameloblasts and maturing enamel, and these are believed 
to play important roles in enamel maturation [Moffatt et 
al., 2008; Gao et al., 2010]. Control of the   secretory func-
tions of maturation stage ameloblasts   remains unknown. 
WDR7, the closest homologue of WDR72, is involved in 
Ca  2+  -dependent vesicle exocytosis, raising the possibility 
that WDR72 may have a similar role in amelogenesis [Na-
gano et al., 2002; Coleman and Bykhovskaia, 2009].
    The data presented are primarily consistent with dis-
ruption to late amelogenesis. However, the apparent loss of 
enamel rod decussation raises the possibility of a funda-
mental alteration to the way that adjacent ameloblasts in-
teract with each other during secretion. Any lack of prism 
decussation would be likely to have a detrimental effect on 
the physical properties of the final enamel, but this obser-
vation requires confirmation in further samples.
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  Fig. 2.   Ultrastructural phenotyping of deciduous teeth.   a ,   b   EDX 
spectra: the C:O and Ca:P ratios were indistinguishable between 
control ( a ) and autosomal recessive hypomaturation AI ( b ) enam-
el with no N peak (between the C and O peaks) observed in either 
sample.   c–e  SEM of control (  c ) and AI-affected (  d ,  e ) enamel. The 
AI enamel rods are grossly normal but the inter-rod enamel is 
more obvious (pale lines marked with arrow heads) in the affect-
ed enamel compared to the controls. There is an apparent lack of 
enamel rod decussation in the affected enamel whereas in the con-
trol enamel there is different rod long axis orientation in the upper 
compared to the lower part of the image. Scale bars = 20    m.   WDR72 Mutation and Enamel 
Ultrastructure 
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